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Abstract
This paper proposes a thermo-acoustic electricity generator without resonator, which is realized by a looped-tube traveling-wave 
thermo-acoustic engine coupled with two linear alternators. A linear alternator is the resonating element of the thermo-acoustic 
engine, so its impedance determines the operating status and the clearance exerts a direct influence on it. A test bed is set to
measure the clearance. An exact formula is determined after the analysis of data processing. This conclusion is used in the 
simulation of the influence of clearance and damping based on DeltaEC. At last, a series of experiments have been done to 
compare with the simulation.
© 2014 The Authors. Published by Elsevier B.V.
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1. Introduction
Thermo-acoustic power generation technology, a new thermal power generation technology, has made rapid 
progress in recent years. It has several advantages, such as good adaptability of heat source, high reliability and 
potential high efficiency. Through decades of development, the thermo-acoustic conversion efficiency and acoustic 
power output of thermo-acoustic engines have improved quickly and greatly. The efficiency can be comparable with 
* Corresponding author. Tel: +86-010-82543662; fax: +86-010-82543662
E-mail address: lizhengyu@mail.ipc.ac.cn
© 2015 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY-NC-ND license 
(http://creativecommons.org/licenses/by-nc-nd/4.0/).
Peer-review under responsibility of the organizing committee of ICEC 25-ICMC 2014
706   Yufang Wang et al. /  Physics Procedia  67 ( 2015 )  705 – 710 
internal combustion engines [1], and the relative Carnot efficiency reaches up to 49% [2]. The thermo-acoustic 
electricity generator is realized by a looped-tube traveling-wave thermo-acoustic engine coupled with two linear 
alternators. The linear alternators replace the resonator of thermo-acoustic engine, so it is a thermo-acoustic power 
generator without resonator and this is the big difference between it with the conventional thermo-acoustic engine. 
The advantages are that it eliminates the wasted work of resonator and decreases the volume of the system.
The clearance seal is a non-contact seal, with a combination of a circumferential crack seal and an axial face seal
[3]. When the fluid flows through the clearance, it will lead to a resistance and this will attain the seal. The clearance 
seal can achieve the effect of the seal while eliminating the contact wear between them and the pollution results 
from it. The linear alternator adopts a clearance seal between the piston and the cylinder to establish the pressure 
difference between the front and rear ends of the piston. This makes the piston to make a reciprocating motion as a 
result of the drive of acoustic oscillation, and then the coils cut the magnetic induction lines to generate electricity. 
The blade springs of the linear alternator have the characteristics of weak axial stiffness and strong radial stiffness to 
ensure that the clearance is suitable [4]. A suitable clearance could reduce the leakage and the friction between the 
piston and the cylinder, and this will make the linear alternator to match the thermo-acoustic engine and then to 
achieve greater electric power. Firstly, the paper describes the clearance through indirect measurement of the 
leakage through the clearance, and then selects an exact formula after an analysis of the data processing result. Next, 
a simulation based on DeltaEC (Design Environment for Low-amplitude Thermo-acoustic Energy Conversion) has 
been done of the influence of the clearance and damping. Finally, a series of experiments have been done to 
compare with the simulation result.
2. The measurement and calculation method of clearance 
2.1. Experimental equipment
The measurement equipment of clearance is shown in Fig. 1(a). It includes the main devices used in the 
experiment, such as differential pressure transmitter, pressure transmitter, mass flow controller and a linear 
alternator in the pressure vessel. Before starting the experiment, all the devices should be connected as in Fig. 1(a)
using connecting pipes, connectors and spacer flanges and then put them on a shelf. A gas cylinder filled with 
nitrogen is needed to supply the working medium.
2.2. Mechanism of measurement
Fig. 1. (a) Measuring equipment of the clearance of linear alternator; (b) Schematic diagram of the clearance of linear alternator.
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Fig. 2. One dimensional flow model of clearance seal.
The schematic diagram of clearance is shown in Fig. 1(b). A linear alternator is put in the pressure vessel, and 
the gas is charged into the pressure vessel through a charging port. During the charging process, the gas will flow 
through the clearance slowly. After a certain time, it reaches a dynamic equilibrium. The pressure transmitter 
measures the pressure before the piston, p2. The differential pressure transmitter measures the differential pressure,
οp, between the front and rear ends of the piston. Then, we can get the pressure after the piston, p1=p2+οp. The 
leakage, Q, can be measured by the mass flow controller. In the measuring experiment, 13 sets of data have been 
recorded at every equilibrium condition. 
2.3. Computational formulae of clearance
The one dimensional flow model of clearance seal can be simplified as in Fig. 2 [5], and the velocity distribution 
of the cross section is:
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2.3.1. The clearance according to volume leakage
The volume flow rate leaking through the clearance is:
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The clearance computational formula is:
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We find that after a modification of formula (4), it agrees with the leakage formula in reference [6]. Many 
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references use this formula to calculate the clearance leakage.
2.3.2. The clearance according to mass leakage
The mass flow rate leaking through the clearance is:
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According to the state equation, p=ߩRT, equation (5) can be written as:
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Integrating the above equation, the expression of mass leakage is:
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Bring G=ߩQ into equation (7), we can get the expression of volume leakage:
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And then, the clearance computational formula is:
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Using formulae (4) and (9) to make a data processing for the experimental results respectively, we can get the 
clearance as shown in Fig. 3.
Fig. 3. Comparison of data processing results of formulae (4) and (9).
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The clearance of linear alternator is a constant value after the installation. Fig. 3 shows the result of formula (9) 
with 26.2 ~ 26.69 Ɋm that is near the actual clearance. While the result of formula (4) is 27.3 ~ 31.6 Ɋm, the slope is 
larger and this deviates from the actual.
After an analysis, the difference between formulae (4) and (9) is that formula (4) didn’t consider the density 
difference as the gas flows through the clearance. Assume that the pressure drop along the clearance length is a 
linear change, and the average density is:
1 2
1 2 1 2
2 2 2
p p
p pRT RT
RT
U UU
    .                                                                                               (10)
From formulae (10) and (3), the mass leakage from the clearance is:
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It is obvious that the volume leakage is equal to the mass leakage after the consideration of density change. In
actual process the gas density will experience a certain change, the mass leakage is more reasonable as a result of a
consideration of density change. So we choose formula (9) as the data processing formula.
3. The influence of clearance and damping
Formula (8) shows the bigger the clearance, the bigger the leakage is, and the equivalent impedance of the 
clearance branch becomes smaller, so the performance of the system gets worse.
The mechanical impedance of the linear alternator is:
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In the formula, Rm is for mechanical damping, A is for piston area, M is for moving mass, K is for stiffness
coefficient, which consists of spring stiffness and electromagnetism stiffness, i is for imaginary unit [7].
Formula (12) shows the bigger the damping, the smaller the leakage is, and the piston peak stroke becomes 
smaller and this will cause a smaller induced electromotive force. As a result, the performance of the system gets 
worse.
Simulation based on DeltaEC has been done of the influence of clearance and damping. The change of electric 
power can be seen in Fig. 4. A series of experiments have been done. The results of simulation and experiments can 
be seen in table 1.
Shown in Fig. 4, the decrease of clearance and damping can improve the electric power. While in table 1, it is 
very clear that the damping decreases when clearance increases, the trend of clearance and damping are in opposite 
direction. This becomes difficult for seeking smaller clearance or damping only to get a higher electric power. The 
trick is considering clearance and damping at the same time and finding an equilibrium point.
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Fig. 4. Influence of clearance and damping on electric power.
Table 1. Results of simulation and experiments.
Clearance (Ɋm) Damping (N-s/m) (Simulation) Electric power (W) (Experiments) Electric power (W)
15                16 25.90 24.72
25                 10 19.26 18.16
30                7 16.89 No oscillation
The electric power from experiments is consistent with the simulation, and the relative error is lower than 6%. 
The difference is during the experiments, when the clearance is 30 Ɋm, the engine didn’t oscillate. This is due to the 
increase of clearance, and the differential pressure between the front and rear ends of the piston decreases, leading to 
a decreased gas force. When the phase difference between pressure and displacement remains the same, the 
component force of the gas force in phase with the speed, which is also named useful gas force, decreases [8]. When 
the clearance is too large, the useful gas force is too weak to push the piston, so the engine cannot oscillate.
4. Conclusion
Using the formulae based on mass and volume leakage to process the measured data, the result shows that the 
formula based on mass leakage is closer to the actual situation. The clearance and damping influence the 
performance of thermo-acoustic electricity generator at the same time. The decrease of clearance and damping can 
improve the electric power, while the trend of clearance and damping are in opposite direction. In practical 
application, machining accuracy and assembly technique should also be considered, so an equilibrium point of 
clearance and damping is required for a better performance.
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